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VACUUM RETENTION METHOD AND 
SUPERCONDUCTING MACHINE WITH VACUUM 
RETENTION 

BACKGROUND OF THE INVENTION 

[0001] The invention relates generally to vacuum retention for a superconductive 

machine and, more particularly, to cryogenic cooling and vacuum retention for a high 
temperature superconductive (HTS) machine. As used here, the term "cryogenic" refers to a 
temperature less than about 150° Kelvin. 

[0002] One exemplary superconductive machine is a superconductive rotor for 

electric generators and motors. Other superconductive machines include magnetic resonance 
imaging (MRI) systems, for medical applications, and magnetic levitation devices, for 
transportation applications. Typically, a superconductive coil assembly of a superconducting 
magnet for a superconductive device includes one or more superconductive coils wound from 
superconductive wire and which may be generally surrounded by a thermal shield. The 
assembly is typically contained within a vacuum enclosure. 

[0003] Some superconductive magnets are conductively cooled by a cryocooler 

coldhead, such as that of a conventional Gifford-McMahon cryocooler, which is mounted to 
the magnet. Mounting of the cryocooler coldhead to the magnet, however, creates difficulties 
including the detrimental effects of stray magnetic fields on the coldhead motor, vibration 
transmission from the coldhead to the magnet, and temperature gradients along the thermal 
connections between the coldhead and the magnet. Such conductive cooling is not generally 
suitable for cooling rotating magnets, such as may constitute a superconductive rotor. 

[0004] Other superconductive magnets are cooled by liquid helium in direct contact 

with the magnet, with the liquid helium boiling off as gaseous helium during magnet cooling 
and with the gaseous helium typically escaping from the magnet to the atmosphere. Locating 
the containment for the liquid helium inside the vacuum enclosure of the magnet increases 
the size of the superconductive magnet system, which is undesirable in many applications. 
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[0005] Superconducting rotors include a massive rotor core, which is typically at 

about room temperature, and a superconducting coil, which is in close proximity to the rotor 
core and which must be cooled below its operating temperature. The presence of impurities, 
such as gases, in the vicinity of the superconducting coil may cause ice build-up on the 
superconducting coil. The ice build-up over time may cause rub damage between moving 
superconducting coils and may further act as a thermal short between the rotor core and the 
superconducting coil(s). 

[0006] Accordingly, superconducting machines, such as superconducting rotors, 

typically require vacuum insulation of the superconducting element(s) thereof, for example 
maintaining a vacuum for the superconducting coil(s). One known solution is to warm the 
superconducting coil, to room temperature, for example, to desorb the gases, which are 
adsorbed on the surface of the superconducting coil during operation thereof. However, this 
required shut-down and maintenance is undesirable for commercial power generation 
applications. 

[0007] Accordingly, it would be desirable to provide innovations in a 

superconductive machine for operations over extended periods of time without regeneration. 
More particularly, it would be desirable to prevent or reduce the adsorption of gases on the 
superconducting element(s) of the machine, for example on the superconducting coil(s). 

SUMMARY 

[0008] Briefly, in accordance with one embodiment of the invention, a 

superconducting machine includes a superconductive device, and a vacuum enclosure 
containing and thermally insulating the superconductive device. A cold-trap is configured to 
condense gases generated within the vacuum enclosure, and a coolant circulation system is 
adapted to force flow of a cryogen to and from the superconductive device and the cold-trap. 
A cryogenic cooling system is configured to cool the cryogen in the coolant circulation 
system upstream of the superconductive device. 
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[0009] A superconducting rotor embodiment includes a rotor core and at least one 

superconducting coil extending around the rotor core. A vacuum enclosure 14 contains and 
thermally insulates the superconductive coil. A cold-trap is configured to condense gases 
generated within the vacuum enclosure, and a coolant circulation system is adapted to force 
flow of a cryogen to and from the superconductive coil and the cold-trap. A cryogenic 
cooling system is configured to cool the cryogen in the coolant circulation system upstream 
of the superconductive coil. 

[0010] A vacuum retention method embodiment, for a high-temperature 

superconductive HTS device, includes applying vacuum to the HTS device to thermally 
insulate the HTS device, condensing gases generated around the HTS device using a cold- 
trap, flowing a cryogen to and from the HTS device, and flowing the cryogen to and from the 
cold-trap. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] These and other features, aspects, and advantages of the present invention will 

become better understood when the following detailed description is read with reference to 
the accompanying drawings in which like characters represent like parts throughout the 
drawings, wherein: 

[0012] FIG. 1 schematically depicts a superconducting machine embodiment of the 

invention; 

[0013] Figure 2 illustrates another superconducting machine embodiment of the 

invention; 

[0014] Figure 3 schematically depicts a superconducting rotor embodiment of the 

invention; and 

[0015] Figure 4 is a cross-sectional view of the rotor of Figure 3. 
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DETAILED DESCRIPTION 

[0016] As shown in Figure 1, a superconducting machine 100 includes a 

superconductive device 12. Exemplary superconducting devices 12 include superconducting 
coils and other superconducting magnets. Another exemplary superconducting device 12 is a 
high-temperature (HTS) superconducting rotor, for use in a HTS generator. A vacuum 
enclosure 14 contains and thermally insulates the superconductive device 12. A cold-trap 60 
is configured to condense gases generated within the vacuum enclosure 14. As use here, the 
phrase "condensing gases" includes condensation of gases and other impurities that degrade a 
vacuum. Cold-traps are known and used, for example, on ultra-high vacuum systems in the 
semiconductor industry. For the embodiment shown in Figure 1, a coolant circulation system 
16 is adapted to force flow of a cryogen to and from the superconductive device 12 and the 
cold-trap 60. Exemplary cryogens include Helium, Hydrogen, Neon, Nitrogen and mixtures 
thereof. A cryogenic cooling system 10 is configured to cool the cryogen in the coolant 
circulation system upstream of the superconductive device 12. 

[0017] Cryogenic cooling systems 10 are known and will not be discussed in detail 

here. Exemplary cryocooling systems 10 include liquifiers, Brayton cycle refrigerators, and 
regenerative crycoolers. Other exemplary crycooling systems are discussed in commonly 
assigned U.S. Patent 6,442,949, Laskaris et al, "Cryogenic cooling refrigeration system and 
method having open-loop short term cooling for a superconducting machine" and U.S. Patent 
6,438,969, Laskaris et al., "Cryogenic cooling refrigeration system for rotor having a high 
temperature super-conducting field winding and method," which are incorporated by 
reference herein. 

[0018] For the particular embodiment shown in Figure 1, the coolant circulation 

system 16 includes a primary cooling line 62, which is configured to cool the 
superconducting device 12, and a secondary cooling line 64, which is configured to cool the 
cold-trap 60. Exemplary primary and secondary cooling lines include stainless-steel pipes 
for flowing the cryogen. 
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[0019] More particularly, the coolant circulation system 16 further includes a flow 

control valve 66, which is configured to control and apportion the flow of the cryogen 
between the primary and secondary cooling lines 62, 64, as indicated in Figure 1. 
Alternatively, the coolant circulation system 16 may be designed to balance the cryogen flow 
resistance of the primary and secondary cooling lines 62, 64, in order to provide the desired 
distribution of cryogen flow between the primary and secondary cooling lines 62, 64. 

[0020] The inlet temperature of the cryogen in primary cooling line 62 is below the 

operating temperature of the superconductive device 12. More particularly, the exit 
temperature T2 of the cryogen in primary cooling line is about the operating temperature of 
the superconductive device 12. As used here, the inlet and exit temperatures correspond to 
the temperature of the cryogen supplied to and exiting the superconducting device 12, 
respectively, in a vicinity of the superconducting device 12. For more particular 
embodiments, the inlet temperature in primary cooling line 62 is at least about ten degrees 
Kelvin (10° K), and more particularly twenty degrees Kelvin (20 ° K), below the exit 
temperature in primary cooling line 62. 

[0021] Beneficially, the cold-trap 60 removes gases, such as Hydrogen, from the 

vacuum enclosure 14, in order to achieve a high level vacuum, for example less than about 
10~ 5 or 10T 6 Torr. To more efficiently trap gases in the vacuum enclosure 14, the inlet 
temperature TO for the secondary cooling line 64 is below the triple point for Hydrogen 
(about 13.81° K), according to a particular embodiment. More particularly, the exit 
temperature Tl of the cryogen in the secondary cooling line 64 is below about the triple point 
for Hydrogen. As used here, the inlet and exit temperatures correspond to the temperature of 
the cryogen supplied to and exiting the cold-trap 60, respectively, in a vicinity of the cold- 
trap 60. Having an inlet temperature less than the triple point for Hydrogen facilitates 
trapping Hydrogen in the cold-trap, thereby increasing the vacuum level within vacuum 
enclosure 14. 

[0022] Another superconducting machine 200 embodiment is described with 

reference to Figure 2. As shown, the superconducting machine 200 includes a 
superconductive device 12, a vacuum enclosure 14 containing and thermally insulating the 
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superconductive device, and a cold-trap 60 configured to condense gases generated within the 
vacuum enclosure 14. A primary coolant circulation system 86 is adapted to force the flow 
of a primary cryogen to and from the superconductive device 12, and a primary cryogenic 
cooling system 88 is configured to cool the primary cryogen in the primary coolant 
circulation system 88 upstream of the superconductive device 12. A secondary coolant 
circulation system 90 is adapted to force the flow of a secondary cryogen to and from the 
cold-trap 60, and a secondary cryogenic cooling system 92 is configured to cool the 
secondary cryogen in the secondary coolant circulation system upstream of the cold-trap. 
The primary and secondary cryogens may be the same cryogen or may comprise different 
cryogens, depending on system requirements. With the exception of the separate coolant 
circulation systems and cryogenic cooling systems, the embodiment shown in Figure 2 is 
similar to that depicted in Figure 1; Accordingly, details described above with respect to 
Figure 1 will not be repeated. 

[0023] According to a more particular embodiment, the superconducting machine 200 

further includes a rotor core 93, and the superconductive device 12 includes at least one 
superconducting coil 12 extending around the rotor core, as shown in Figure 4, for example. 
More particularly, the superconducting coil 12 is a high-temperature superconducting coil. 
As used here, the phrase "high-temperature superconducting" refers to materials that~are 
superconducting at temperatures of about fifteen degrees Kelvin (15° K) or more. 

[0024] A superconducting rotor 300 embodiment is described with reference to 

Figures 3 and 4. As shown in Figure 4, the superconducting rotor 300 includes a rotor core 
93 and at least one superconducting coil 12 extending around the rotor core. According to a 
particular embodiment, the superconducting coil 12 is a high-temperature superconducting 
(HTS) coil. As indicated in Figure 4, a vacuum enclosure 14 contains and thermally insulates 
the superconductive coil 12. As illustrated in Figure 3, a cold-trap 60 is configured to 
condense gases generated within the vacuum enclosure 14. A coolant circulation system 16 
is adapted to force the flow of a cryogen to and from the superconductive coil 12 and the 
cold-trap 60, as shown, for example in Figure 3. A cryogenic cooling system 10 is 
configured to cool the cryogen in the coolant circulation system upstream of the 
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superconductive coil 12, as indicated in Figure 3. The coolant circulation system 16 is 
described above with respect to Figure 1, and the details will not be repeated. 

[0025] The rotor core 93 is typically "warm," for example at room temperature (about 

300° K). As indicated in Figure 4, thermal insulation 102 prevents the rotor core 93 from 
warming the superconducting coil 12. 

[0026] As discussed above with respect to Figures 1 and 2, use of the cold-trap 60 to 

condense gases in the vacuum enclosure 14 and, more particularly, maintaining the inlet 
temperature TO for the cryogen flowing to cold-trap 60 below the triple point of Hydrogen 
facilitates achieving a high level of vacuum within vacuum enclosure 14. 

[0027] A vacuum retention method for a high-temperature superconductive (HTS) 

device 12 is also disclosed. The method includes applying vacuum to the HTS device 12 to 
thermally insulate the HTS device, condensing gases generated around the HTS device using 
a cold-trap 60, flowing a cryogen to and from the HTS device to cool the HTS device, and 
flowing the cryogen to and from the cold-trap. More particularly, the method further includes 
cooling the cryogen upstream of the HTS device 12 and controlling the flow of the cryogen to 
the HTS device 12 and the cold-trap 60. Still more particularly, the method further includes 
trapping the condensed gases using the cold-trap 60. 

[0028] As noted above with respect to the machine embodiment, the inlet temperature 

of the cryogen flowing to the HTS device 12 is below an operating temperature of the HTS 
device. More particularly, the exit temperature of the cryogen flowing from the HTS device 
is about the operating temperature of the HTS device. To enhance trapping within the cold- 
trap 60 and thereby increase the lever of vacuum for the HTS device 12, the inlet temperature 
of the cryogen flowing to the cold-trap 60 is below the triple point for Hydrogen. More 
particularly, the exit temperature of the cryogen flowing from the cold-trap 60 is below about 
the triple point for Hydrogen. 

[0029] Although only certain features of the invention have been illustrated and 

described herein, many modifications and changes will occur to those skilled in the art. It is, 
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therefore, to be understood that the appended claims are intended to cover all such 
modifications and changes as fall within the true spirit of the invention. 
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